We developed two electrochemiluminescent probes (1, 2) for sulfide (S 2À ), based on cyclometalated Ir(III) complexes. Addition of sulfide anions greatly increased the ECL signal of probes by cleaving a PET quencher moiety from probe ligands. Probe 2 showed a high turn-on ratio of ECL and good selectivity for sulfide anions over various anions and biothiols.
Hydrogen sulde (H 2 S), a well-known toxic gas, has recently been recognized as an important gaseous signalling molecule.
1,2 H 2 S is generated endogenously from L-cysteine by several enzymes such as cystathionine g-lyase (CSE), 3 cystathionine b-synthase (CBS), 4 and 3-mercaptopyruvate sulfur transferase (3-MST). 5 As a gasotransmitter, H 2 S regulates various biological processes in the cardiovascular, 6 central nervous, 7 immune, 8 and gastrointestinal systems. In blood plasma, 10-100 mM of sulde is considered the normal level. 10, 11 However, an abnormal level of H 2 S is associated with some diseases, including Alzheimer's disease, 12 Down's syndrome, diabetes, 13 and liver cirrhosis. 14 Therefore, simple methods for selective detection of H 2 S are required in order to diagnose various diseases that increase the plasma H 2 S concentration to abnormal levels.
So far, various approaches have been studied for the detection of H 2 S, such as electrochemical analysis, 15 gas chromatography, 16 and colorimetric 17 and uorescent 18 assays. In particular, a large number of uorescent chemodosimeters for H 2 S were developed based on the strong reducing 19, 20 or nucleophilic 21, 22 properties of sulde anions. However, uores-cent assays cannot be used for point-of-care (POC) detection due to the requirement of an additional optical source and bulky equipment.
Electrochemiluminescence (ECL) is a light-emitting process caused by the electron-transfer reaction between electrochemically generated radical species at the electrodes. 23 In comparison with conventional uorescent methods, the ECL method has many advantages, including no background optical signal, high sensitivity and no need of extra light sources, providing simple and miniaturized sensing tools. [23] [24] [25] These features afford strong benets in the development of POC detection sensors. ECL luminophores were developed using various phosphorescent heavy-metal complexes such as Ru(II), 26 Os(II), 27 Eu(III), 28 Re(I),
29
Pt(II), 30 and Ir(III). [31] [32] [33] Among them, Ir(III) complexes have attracted increasing attention because they exhibit high luminescence efficiency, good electrochemical stability, and easy tunability of the luminescent colour by modulating the substitution of ligands.
31-33
Herein, we designed two ECL chemodosimetric probes for the sulde anion based on Ir(III) complexes (Scheme 1). We selected (piq) 2 Ir(pic) (piq ¼ 1-phenylisoquinoline, pic ¼ picolinate) as a luminophore, 34 and the dinitrophenyl (DNP) group as a photo-induced electron transfer (PET) quencher 35 and a reaction site, [35] [36] [37] providing bright emission aer the nucleophilic aromatic substitution (S N Ar) by the sulde anion. Probe 1 has a DNP group on the ancillary ligand, while probe 2 has an additional quencher group on the main ligands that would Scheme 1 Electrogenerated chemiluminescent sensing mechanism of probes 1 and 2.
further reduce the phosphorescent intensity of the probe itself and thus produce a high turn-on ratio in response to sulde anions. The reaction products of probes 1 and 2 were conrmed by MALDI-TOF mass spectra ( Fig. S1 and S2 †). Synthetic procedures of probes 1 and 2 are described in the ESI (Schemes S1 and S2 †).
Initially, we examined the phosphorescence spectra of probes 1 and 2. As shown in Fig. 1a , the phosphorescence intensity of 1 gradually increased at 606 nm (l ex ¼ 460 nm) until 10 equiv. of sulde anion (100 mM) was added. The phosphorescence intensity of 2 increased more dramatically than 1 at 601 nm (Fig. 1b) . Probe 2 required a larger amount of sulde anion (150 mM, 15 equiv.) than 1 for saturation because the former has more reaction sites for sulde. The estimated limit of detection (LOD) was calculated to be 1.9 mM for 1 and 0.2 mM for 2 (signal-to-noise (S/N) ratio ¼ 3). Then, we compared the phosphorescence turn-on ratios of 1 and 2 in the presence of 100 mM of sulde anion (Fig. 1c) . The turn-on ratio of 2 was greater than 1, as we expected. UV-vis absorption spectra were also investigated (Fig. 1d) . In the presence of sulde (10 equiv.), the absorption peak around 457 nm increased signicantly. Probe 2 solution showed the corresponding colour change from colourless to yellow, enabling colorimetric detection through the naked eye.
Density functional theory (DFT) calculations supported the PET sensing mechanism of the probes (Fig. S3 †) . The HOMOs of 1 and 2 were mainly localized on the Ir(III) centre and phenyl ring of piq and the LUMO is localized on the DNP, whereas the LUMO of Ir(III) complexes is generally localized on the isoquinoline of the main ligands. Hence, we expected that probes 1 and 2 were able to show an "off-on" emission signal in response to sulde through the PET modulation. We also conducted cyclic voltammetry (CV) measurements and compared the HOMO/LUMO energy levels of luminophores (1-S 2À and 2-S 2À )
with the LUMO of a quencher (1-chloro-2,4-dinitrobenzene) to conrm the PET mechanism experimentally (Fig. 2) . As expected, the LUMO (À4.36 eV) of the quencher is located between the HOMO (À5.35 eV) and LUMO (À3.08 eV) of 1-S 2À as well as the HOMO (À5.19 eV) and LUMO (À2.87 eV) of 2-S 2À . Therefore, the phosphorescence signal of the probes was quenched by the PET process before the cleavage of the DNP moiety from Ir(III) complexes upon the addition of sulde. The ECL measurements were performed during the CV process. Probe 1 itself showed the initial ECL intensity at around 1.4 V, but further increase in the ECL intensity of 1 was observed in the presence of sulde (Fig. 3a) . A titration curve of Fig. 1 (a) Phosphorescent emission spectra of 1 (10 mM) in the presence of 0-100 mM of sulfide in CH 3 CN (inset: changes in phosphorescence intensity of 1 at 606 nm upon the addition of sulfide) (b) phosphorescent emission spectra of 2 (10 mM) in the presence of 0-150 mM of sulfide in CH 3 CN (inset: changes in phosphorescent intensity of 2 upon the addition of sulfide) (c) turn-on ratio of 1 and 2 in the absence (black bar) and presence (red bar) of 100 mM sulfide in CH 3 CN (d) UV-vis absorption of 2 (10 mM) before and after addition of sulfide (100 mM) in CH 3 CN. 1 was obtained against various concentrations of the sulde anion (Fig. 3b) . A linear relationship between the ECL intensity and the sulde concentration was observed from 0 to 80 mM of sulde. The estimated LOD was calculated to be 27 nM, signicantly lower than the LOD of phosphorescence. Hence, 1 can be used as a highly sensitive ECL sensor to detect abnormal levels of S
2À
. A similar turn-on ECL of 2 was observed in the presence of sulde (Fig. 3c) . Probe 2 showed 3-fold enhancement of the ECL intensity at around 1.6 V in the presence of 15 equiv. of sulde (150 mM). The emission signal increased greatly when the sulde concentration was in the range of 0-100 mM (Fig. 3d) . Although the ECL turn-on ratio of 2 was greater than that of 1, the absolute ECL intensity of 2 was low even aer saturation with sulde (Fig. S4 †) . The maximum signal of 2 was only 5.7% of 1 in the presence of sulde (80 mM, 8 equiv.) (Table S1 †). The low ECL intensity of 2 caused low sensitivity toward the sulde anion, and the estimated LOD of 2 was calculated to be 0.3 mM, which is relatively high compared to that of 1 (Fig. S5 †) .
The low ECL intensity of 2 can be explained by the CV measurements (Fig. 4) . We compared the HOMO/LUMO energy levels of 1-S 2À and 2-S 2À calculated from CV measurements with the HOMO of tri-n-propylamine (TPA). One of the conditions for the efficient ECL emission is that the HOMO of the emitter should be lower than that of TPA for an efficient generation of TPA + c. is quite higher than that of TPA because the hydroxyl groups on the main ligands destabilized the HOMO level. Thus, the electron transfer from TPA to 2-S 2À hardly occurred, causing a weak ECL emission. The CV studies rationalized the low ECL intensity of 2. Furthermore, the energy level of the TPA radical is higher than that of the LUMO of ( , the most frequently used ECL luminophore, to conrm the effect of remaining sulde ions on the ECL signal in solution (Fig. S6 †) . We conrmed that almost no ECL changes were observed in the presence of excess sulde (100 mM, 10 equiv.), when compared to the ECL intensity of Ru(bpy) 3 2+ in the absence of sulde ions.
These data could prove that remaining excess sulde ions in solution have only a little effect on the change of ECL intensities. The selectivity of 1 and 2 was tested by adding 100 mM of each anion to 10 mM of probe 2 ( Fig. 5 and S7-S9 †) . Only the sulde anion induced a signicant increase in the ECL intensity, whereas almost no ECL changes were observed upon the addition of other anions, including F glutathione, which are difficult to be distinguished from sulde, could not increase the emission intensity. These results suggest that probe 2 is a highly selective probe for sulde (S  2À ) over other analytes and can be used for biological applications based on ECL analysis.
Conclusions
We designed two "off-on" chemodosimetric ECL probes for sulde (S 2À ), based on cyclometalated Ir(III) complexes. In the presence of sulde anions, the ECL intensity of probe 2 increased greatly due to the blocking of the PET quenching process. Furthermore, the probe showed a high turn-on ratio with sulde only. We expect that our rational sensing approach will pave the way for the development of various ECL-based sensing tools for small biomolecules. 
